Surface attachment, an early step in the colonization of multiple host environments, 9 activates the virulence of the human pathogen P. aeruginosa. However, the signaling pathways and 10 downstream toxins specifically induced by surface association to stimulate P. aeruginosa virulence 11 are not fully understood. Here, we demonstrate that alkyl-quinolone (AQ) secondary metabolites 12 are rapidly induced upon surface association and represent a major class of surface-dependent 13 cytotoxins. AQ cytotoxicity is direct and independent of other AQ functions like quorum sensing or 14 PQS-specific activities like iron sequestration. Furthermore, the regulation of AQ production can 15 explain the surface-dependent virulence regulation of the quorum sensing receptor, LasR, and the 16 pilin-associated candidate mechanosensor, PilY1. PilY1 regulates surface-induced AQ production by 17 repressing the AlgR-AlgZ two-component system. AQs also contribute to the known cytotoxicity of 18 secreted outer membrane vesicles. These findings collectively explain previously mysterious 19 aspects of virulence regulation and provide new avenues for the development of anti-infectives. 20 21 38 LasR is an important component of the complex network of P. aeruginosa quorum sensing (Lee 39 and Zhang, 2015). Quorum sensing (QS) is the process by which bacteria synthesize and secrete 40 1 of 20 Manuscript submitted to eLife autoinducer signaling molecules that accumulate and activate their receptors as a function of 41 bacterial cell density. There are at least three QS systems that have been previously implicated in 42 regulating P. aeruginosa virulence: the las, rhl, and pqs QS systems (Lee and Zhang, 2015). These 43 systems form a complex and interconnected network with extensive regulatory cross-talk (Maura 44 et al., 2016). For example, LasR transcriptionally upregulates the autoinducer synthase enzymes of 45 the rhl and pqs systems (Xiao et al., 2006b; Farrow et al., 2008) , which in turn activate numerous 46 downstream factors (Farrow et al., 2008) . As a result, identifying the specific contribution of LasR 47 100 MvfR), and 4) stimulating RhlR-dependent QS (by PqsE). Neither the production of HQNO (ΔpqsL) 101 nor the activation of rhlR-dependent targets (ΔpqsE) was required for the killing of D. discoideum by 102 P. aeruginosa ( Figure 1C ). However, pqsA, pqsH and pqsR mutants showed reduced ability to kill D. 103 discoideum (Figure 1C ). 104 The reduced virulence of ΔpqsH suggested that PQS contributes to surface-induced virulence, 105 which could be due to its role in iron acquisition, its QS ability to activate PqsR, or its activity as a 106 cytotoxin. To address the potential role of iron binding, we relied on the fact PQS binds iron while 107 3 of 20 Manuscript submitted to eLife its HHQ precursor does not (Diggle et al., 2007) . Deleting pqsH, the enzyme that converts HHQ to 108 PQS, results in reduced levels of all AQs due to the absence of PqsR-mediated feedback induction. 109 We thus transiently supplemented pqsH and pqsA mutants with HHQ for 1 hour at concentrations 110 sufficient to induce PqsR (50 M). We then washed away the HHQ before exposing these bacteria 111 to D. discoideum, such that during the virulence assay the pqsA mutants would have no HHQ or 112 PQS while pqsH mutants would have HHQ but no PQS. We found that transient HHQ addition was 113 sufficient to restore WT-levels of virulence to pqsH mutants but not to pqsA mutants (Figure 1-S4 ), 114 563 site-specific integration and use for engineering of reporter and expression strains. Plasmid. 2000; 43(1):59-564 72. 565
Introduction 22
The opportunistic human pathogen P. aeruginosa infects a wide range of hosts such as mammals, 23 plants, insects, and fungi (Rahme et al., 1995) , and is a major contributor to the morbidity of cystic 24 fibrosis patients (Nixon et al., 2001 ) and hospital-acquired infections (Richards et al., 1999) . P. 25 aeruginosa uses a large set of secreted proteins and secondary metabolites to carry out the multiple 26 requirements necessary for a successful infection, including host colonization, immune evasion, 27 nutrient acquisition, and host cell killing (cytotoxicity) (Valentini et al., 2018) . Given the multiple 28 activities involved in pathogenesis, we recently developed a quantitative imaging-based host cell 29 killing assay to specifically study the factors acutely required for killing host cells during short 30 timescales (Siryaporn et al., 2014) . This assay revealed that cytotoxicity is activated by attachment 31 of P. aeruginosa to a solid surface (Siryaporn et al., 2014) . This surface-induced cytotoxicity does 32 not require the Type-IV Pilus (TFP), TFP-associated signaling complexes (PilA-Chp-Vfr/cAMP), or Type 33 III Secretion Systems (T3SS), but does require two regulatory proteins, LasR and PilY1 (Siryaporn 34 et al., 2014). Since well-characterized cytotoxins such as T3SS and Vfr targets are not necessary for 35 surface-induced host-cell killing in this assay, we sought to address the outstanding questions of 36 which specific toxins mediate host cell killing in response to surface attachment and how these 37 toxins are regulated by LasR and PilY1. dependent QS to the phenomenon of surface-induced virulence has been challenging. 48 Besides LasR, the other factor known to be required for surface-induced virulence is PilY1 (Sirya- (Luo et al., 2015) . However, disrupting the key effectors of the 54 two best-characterized pathways downstream of PilY1, c-di-GMP or cAMP production, does not 55 influence surface-induced virulence (Siryaporn et al., 2014) . 56 Understanding the signaling pathways that LasR and PilY1 use to trigger surface-induced viru-57 lence has been particularly challenging because the relevant output of these pathways, such as 58 the cytotoxin(s) that P. aeruginosa secretes to kill host cells when surface-associated, has remained 59 unknown. P. aeruginosa possesses numerous candidate toxins that could mediate surface-induced 60 virulence, including the type III secretion system (T3SS) and numerous other secreted proteins and 61 secondary metabolites (Valentini et al., 2018) . Many of these candidates were previously found not 62 to be required for surface-induced virulence (Siryaporn et al., 2014) , which could reflect functional 63 redundancy or the existence of a previously-overlooked cytotoxin. 64 Here we identify the pathways that activate surface-induced virulence by first showing that a 65 single family of cytotoxins, the alkyl-quinolones (AQs), are both necessary and sufficient to explain 66 the surface-induced killing of Dictyostelium discoideum by P. aeruginosa. We demonstrate that surface 67 association triggers increased AQ secretion, which requires both LasR and PilY1. We show that these 68 findings are also relevant to mammalian host cells and demonstrate that AQs are a major cytotoxic 69 component of secreted outer membrane vesicles. Together our data support the conclusion that 70 surface-induced virulence results from induction of AQs, which act as toxins that directly kill host 71 cells. 72 
Results

73
Alkyl-quinolones are necessary and sufficient for surface-induced virulence of P. 74 aeruginosa towards D. discoideum 75 Surface attachment strongly stimulates the ability of P. aeruginosa PA14 to kill D. discoideum amoebae 76 (Siryaporn et al., 2014) . Time-lapse imaging of D. discoideum infected with planktonic P. aeruginosa 77 demonstrates that D. discoideum completely clears the bacterial population through phagocytosis 78 (Figure 1-S1). Similar treatment of D. discoideum with P. aeruginosa that had been previously attached 79 to a glass surface results in reduced D. discoideum motility and eventually leads to cell lysis ( Figure   80 1-S2). To identify the factors required for the increased virulence of surface-associated P. aeruginosa 81 we screened a number of mutants in secreted effectors known to promote pathogenesis for loss 82 of virulence following surface attachment (Figure 1-S3 ). Specifically, we grew each mutant to the 83 same density, allowed it to associate with a glass surface for 1 hour, added D. discoideum host 84 cells, and monitored host cell death by fluorescence microscopy using the live-cell-impermeant dye, 85 calcein-AM. Loss of many candidate P. aeruginosa cytotoxins or virulence regulators did not reduce 86 surface-induced killing of D. discoideum, including phenazines, rhamnolipids, and hydrogen cyanide 87 ( Figure 1-S3 ). In contrast, pqsA was absolutely required for surface-induced virulence ( Figure 1A) . 88 PqsA is an enzyme required for the biosynthesis of alkyl-quinolones (AQs) such as PQS, HHQ, and 89 2 of 20 (Reil et al., 1997) . To identify the parts of the AQ pathway responsible for surface-induced virulence 96 of P. aeruginosa towards D. discoideum, we assayed mutants deficient in the four keys steps of the 97 AQ pathway ( Figure 1B) : 1) converting the anthranilate precursor to HHQ (mediated by PqsABCD), 2) 98 converting HHQ into PQS and HQNO (by PqsH and PqsL, respectively), 3) feedback regulation onto 99 pqsABCDE expression (by PQS and HHQ activating the transcriptional regulator PqsR, also known as indicating that HHQ is required for surface-induced virulence but PQS is not. 115 Having eliminated PQS-specific roles of AQs such as iron sequestration, we next tested if surface-116 induced virulence requires PqsR activation to achieve high levels of the AQs themselves or if 117 additional PqsR targets (Maura et al., 2016) might be required. Consequently, we replaced the 118 endogenous pqsA promoter with a strong constitutive promoter (P OXB20 ), which we refer to as (P const ). 119 This construct was sufficient to fully restore the virulence of pqsR and pqsH mutants to WT levels 120 ( Figure 1C ). These results suggest that the requirement of PQS production for full virulence is due 121 to the ability of PQS to promote high levels of pqsABCDE by activating the PqsR-dependent positive 122 feedback loop. To further eliminate the possibility of PqsE-mediated QS, we simultaneously deleted 123 pqsE, pqsH, and pqsR in the (P const − pqsABCDE) background and showed that these bacteria retained 124 PqsA-dependent virulence ( Figure 1C ). To confirm that each of the strains analyzed retained the 125 expected ability to produce HHQ and/or PQS, we used LC/MS to directly quantify these molecules Figure 1E ). While PQS was not necessary for virulence, PQS also acted as a 135 direct cytotoxin as purified PQS killed D. discoideum ( Figure 1E ). Together, our results demonstrate 136 that HHQ and PQS are cytotoxic towards D. discoideum, that AQ production is both necessary and 137 sufficient for surface-induced virulence of P. aeruginosa, and that AQs other than PQS can mediate 138 this toxicity. 139 AQ regulation can explain the effects of known surface-induced virulence regula-140 tors 141 We previously showed that LasR and PilY1 are required for surface-induced virulence (Siryaporn 142 et al., 2014). To understand whether the virulence defects of these mutants are due to loss of AQ 143 production, we determined if they can be rescued by replacing the endogenous pqsA promoter with 144 the P OXB20 strong constitutive promoter (P const ). This pqsABCDE overexpression restored full virulence 145 to surface-associated lasR and pilY1 deletion mutants (Figures 2A and 2B ). Furthermore, constitutive 146 pqsABCDE expression was sufficient to induce detectable virulence in planktonic bacteria (Figures 2A   147 and 2B). While the virulence achieved by expression of pqsABCDE in planktonic cells did not reach 148 the same levels as the surface-attached bacteria, the conversion of avirulent cells to a virulence 149 state with only the expression of a single operon is notable. 150 We next sought to determine if pqsABCDE expression is altered in lasR and pilY1 mutants using a 151 fluorescent reporter fusion to the pqsABCDE promoter. We fused a 500-bp fragment upstream of the 152 pqsA gene to a promoterless mCherry gene, and integrated this construct at a neutral chromosomal 153 locus. Wild type, ΔlasR, and ΔpilY1 bacteria expressing this reporter were grown to mid-exponential 154 phase (OD 600 = 0.6), and OD-matched cultures were allowed to attach to a surface for 1 hour. We ΔlasR and ΔpilY1 was significantly lower than that of wild type ( Figure 2C ). To determine if the 158 decreased promoter activity impacts AQ production, we measured HHQ and PQS levels in ethyl 159 acetate extracts of wild type, ΔlasR, and ΔpilY1 cultures grown to early stationary phase using LC/MS. 160 This revealed that both HHQ and PQS production is decreased in both ΔlasR and ΔpilY1 compared to 161 wild type ( Figure 2D ). Together these results suggest that the effects of known virulence regulators 162 can be explained by their effects on pqsABCDE operon expression. 163 LasR has previously been show to induce the PqsR pqsABCDE regulator (Xiao et al., 2006b) , 164 but the connection between PilY1 and pqsABCDE expression has not been previously reported. 165 Since the well-characterized c-di-GMP and cAMP pathways do not appear responsible for PilY1- in the case of overexpressing algRD54E from a plasmid, chromosomal expression of algRD54E did 177 not affect virulence ( Figure 2E ), which suggests that PilY1 functions by transcriptionally repressing 178 the levels of algR.
179
Virulent surface-attached cells secrete more AQs than avirulent planktonic cells 180 AQs have not been previously described to be surface-regulated, but our findings above suggested 181 that surface attachment might stimulate AQ production. AQ quantification under the conditions 182 of our surface-induced virulence assay is challenging using traditional MS-based techniques. Con-183 sequently, we developed a fluorescence-based AQ biosensor that can be used to measure PQS 184 and HHQ levels under the exact conditions of the surface-induced D. discoideum cell death assay. 185 Specifically, we engineered a reporter strain with three features: 1) it is unable to synthesize AQ's 186 itself (due to deletion of pqsA), 2) it linearly responds to PqsR activation without quorum-sensing 187 feedback (due to replacement of the pqsR promoter with a constitutive P tac promoter), and 3) it has 188 a plasmid containing both a fluorescent YFP reporter for PqsR activation by AQs (P pqsA − YFP) and a 189 constitutive mKate reporter (P rpoD − mKate) to normalize for plasmid copy number. 190 We validated our AQ biosensor by analyzing its response to purified AQ standards (Sigma- ΔalgR, and ΔpilY1 ΔalgR. We note that the AQ biosensor is itself avirulent such that doping it at low 198 levels (1:100) enabled us to quantify AQ production without disrupting the assay. Consistent with 199 the epistasis results obtained with respect to virulence ( Figure 2E ), the AQ reporter showed reduced 200 AQ levels upon deletion of pilY1, and this decrease was suppressed in a pilY1 algR double mutant 201 (Figure 3-S1). 202 Having validated our AQ biosensor, we used it to compare AQ levels between planktonic and 203 surface-attached P. aeruginosa populations. Because the AQ biosensor responds to both HHQ 204 and PQS, we focused on quantifying AQs from ΔpqsH, which makes HHQ but not PQS. We note 205 that this strain is less virulent than wild type but retains 40% of its virulence and its virulence is 206 still specifically induced by surface-association ( Figure 1C ). We doped the AQ biosensor (1:100) Figure 4A ). Both PQS and HHQ were also cytotoxic towards the A549 lung 221 epithelial cell line, but this activity was lower than that against TIB-67 ( Figure 4A ). 222 We also developed an imaging-based virulence assay adapted from previous studies (Siryaporn hypothesized that they could play a role in mediating both OMV production and cytotoxicity. We 242 therefore treated monocytes with equal amounts of OMVs purified from wild type or ΔpqsA P. 243 aerguinosa, and monitored monocyte death ( Figure 4D ). OMVs containing AQs were significantly 244 more cytotoxic than those that did not ( Figure 4E ), indicating that AQs are a major contributor to 245 the cytotoxicity of OMVs, not just their production. 275 More than 50 distinct AQs have been identified in P. aeruginosa cultures (Lépine et al., 2004) . 276 Historically, the bulk of the work on AQs has focused on PQS and its roles in quorum sensing and 277 the iron starvation response (Lin et al., 2018) . More recently, a greater appreciation has emerged 278 that AQs can carry out diverse functions that range from signaling (Lee and Zhang, 2015; Rampioni 279 et al., 2016), iron scavenging (Diggle et al., 2007) , antibacterial tolerance (Hazan et al., 2016) , OMV 280 induction (Mashburn -Warren et al., 2009) , immune suppression (Kim et al., 2010) , and cytotoxicity 281 towards host cells or other bacteria (Abdalla et al., 2017; Wu and Seyedsayamdost, 2017) . Our 282 work supports this expanded view of the functional repertoire of AQs, representing evidence that 283 AQ production is important for surface-induced virulence and demonstrating that HHQ can function 284 as a cytotoxin that directly kills host cells independently of PQS. 285 The fact that AQs are sufficient to explain surface-induced D. discoideum killing was surprising 286 because P. aeruginosa is generally thought to kill hosts using a large and redundant set of cytotoxins 287 (Valentini et al., 2018; Streeter and Katouli, 2016) . The large number of toxins present in P. aerugi-288 nosa could be due to the preferential ability of different toxins to kill different host cell types. For 289 example, A549 epithelial cells appeared less sensitive to AQ cytotoxicity in our assays, such that 290 other cytotoxins like T3SS could take precedence in targeting these cells. While future studies will 291 be needed to dissect the specific contributions of each virulence factor in different contexts such as 292 with different hosts and in the presence of an intact immune system, our study highlights the value 293 of quantitative assays that can define the specific capacities of different factors. 294 D. discoideum cells are highly phagocytic, suggesting that host delivery might be a limiting step 295 given the poor solubility of AQs. Our data suggest that HHQ and PQS are more active when delivered 296 to hosts by bacteria, as the AQ biosensor indicated that lower levels of HHQ are required to kill D. (Xiao et al., 2006a) . Since bacterial biofilms on 310 surfaces such as the CF lung are also oxygen-limited (Kamath et al., 2017; Hassett et al., 2009) , 311 HHQ may warrant particular attention as a candidate AQ cytotoxin in these conditions. In addition 312 to being oxygen-insensitive, HHQ is a poor agonist of PqsR, with 100-fold weaker activation than 313 PQS (Xiao et al., 2006a) (also see Figure 3A ). Consequently, blocking the conversion of HHQ to PQS 314 could represent a mechanism for P. aeruginosa to specifically induce a cytotoxic AQ without inducing 315 competing PQS-dependent targets such as pyocyanin. Given that PQS is the most potent PqsR 316 agonist among AQs (Xiao et al., 2006a) and that a recent study found that HQNO is the most potent 317 antibiotic (Thierbach et al., 2017) , we suggest that AQs could be functionally specialized with PQS 318 serving primarily as a QS signaling molecule, HQNO primarily for inter-bacterial competition, and 319 HHQ for host cell cytotoxicity under oxygen-limited conditions. Finally, we note that the different 320 activities of AQs are not mutually exclusive such that induction of AQs upon surface association 321 could represent a powerful strategy to simultaneously initiate cytotoxicity to ward off engulfment 322 by phagocytic cells, suppress immune function (Kim et al., 2010) , and signal additional downstream 323 factors to promote factors associated with later stages of infection (Rampioni et al., 2016) . 324 10 of 20
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The strains and plasmids used in this study are described in Tables 1 and 2 into P. aeruginosa through conjugation using the donor strain E. coli S17. Exconjugants were 345 selected on gentamycin and then the mutants of interest were counterselected on 5% sucrose. 346 Transposon insertions obtained from the PA14 Transposon Mutant Database (Liberati et al., 2006 ) 347 were transferred between strains using the -Red recombination system (Lesic and Rahme, 2008) . 348 To generate the pqsABCDE overexpression strain, the P OXB20 promoter was amplified from the 349 plasmid pSF-OXB20 (Oxford Genetics, Cambridge, MA) using primer pair (OXB20-5 and OXB20-3) and 350 spliced between two 400 bp fragments that flank the pqsA promoter, which were amplified from by co-electroporation with pTNS2 using methods described previously (Choi and Schweizer, 2006) . 357 To generate the algRD54E mutation and overexpression construct, the algR gene was amplified Figure 1E ), D. discoideum was subcultured to 10,000 cells mL −1 412 in fresh PS media with antibiotics and varying concentrations of AQs. Cultures were incubated at 413 22°C with shaking at 450 rpm, and cell density was measured by counting with a hemocytometer. 414 Experiments were performed with five biological replicates. 416 Reporter strains were grown according to the procedures of the D. discoideum cell death assay. 417 Bacterial cultures were transferred to glass-bottom dishes when OD 600 reached 0.6, and incubated 418 at 37°C with shaking (100 rpm) for 1 h. Cells were washed and isolated as described above, 419 and single cells were imaged immediately after addition of the 1% agar pad using fluorescence GAT ACA AAG CTT TCC AAC CGC CCG TAC TGC  pqsUP-3  GCA CAC GGC GTT TCT ACA TAG CTG CCA TTT GCA GGC CTC C  pqsDOWN-5  GGA GGC CTG CAA ATG GCA GCT ATG TAG AAA CGC CGT GTG C  pqsDOWN-3  CGT TCC CTC TTC AGC GAT ATG GGG TGT GTC GAG TGG 
415
Quantification of fluorescent reporter expression
